Objectives: The aim of this study was to compare single-slice and 3-dimensional (3D) analysis for magnetic resonance renography (plasma flow [F P ], plasma volume [V P ], and glomerular filtration rate [GFR]) and for dynamic contrast-enhanced magnetic resonance imaging (MRI) of renal tumors (F P , V P , permeability-surface area product), respectively. Material and Methods: We prospectively included 22 patients (43 kidneys with 22 suspicious renal lesions) and performed preoperative and postoperative imaging before and after partial nephrectomy, respectively. Of the 22 renal lesions, 15 turned out to be renal cell carcinoma and were included in the tumor analysis, altogether leading to 86 renal and 15 tumor MRI scans, respectively. Dynamic contrastenhanced MRI was performed with a time-resolved angiography with stochastic trajectories sequence (spatial resolution, 2.6 Â 2.6 Â 2.6 mm 3 ; temporal resolution, 2.5 seconds) at 3 T (Magnetom Verio; Siemens Healthcare Sector) after injection of 0.05 mmol/kg body weight Gadobutrol (Bayer Healthcare Pharmaceuticals). Analysis was performed using regions of interest encompassing a single central slice and the whole kidney/tumor, respectively. A 2-compartment model yielding F P , V P , GFR, or tumor permeability-surface area product was used for kinetic modelling. Modelling was performed based on relative contrast enhancement to account for coil-related inhomogeneity. Significance in difference, agreement, and goodness of fit of the data to the curve was assessed with paired t tests, BlandAltman plots, and W 2 test, respectively. Results: Bland-Altman analysis revealed a good agreement between both types of measurement for kidneys and tumors, respectively. Results between single-slice and whole-kidney regions of interest showed significant differences for F p (single slice, 256.1 T 104.1 mL/100 mL/min; whole kidney, 217.2 T 92.5 mL/100 mL/min; P G 0.01). Regarding V P and GFR, no significant differences were observed. The W 2 test showed a significantly better goodness of fit of the data to the curve for whole kidneys (0.30% T 0.18%) than for single slices (0.43% T 0.26%) (P G 0.01). In contrast to renal assessment, tumor analysis showed no significant differences regarding functional parameters and W 2 test, respectively. Conclusion: In dynamic contrast-enhanced MRI of the kidney, both 3D wholeorgan/tumor and single-slice analyses provide roughly comparable values in functional analysis. However, 3D assessment is considerably more precise and should be preferred if available. as well as perfusion and permeability of renal tumors.
D
ynamic contrast-enhanced (DCE) magnetic resonance imaging (MRI) provides information on perfusion and filtration of kidneys 1Y4 as well as perfusion and permeability of renal tumors. 5, 6 Data analysis is complex and can be affected by several factors, for example, the choice of different contrast agents 7 or the definition of the region of interest (ROI). 8 Precise kinetic modelling requires a high temporal and adequate spatial resolution. Consequently, DCE-MRI is usually performed on ROIs defined on only a single central slice. 9Y12 However, recently developed fast view-sharing sequences combined with parallel imaging and higher field strengths allow for coverage of a whole volume of interest with a high temporal resolution. 13Y15 Principally, assessment of the whole organ/lesion should provide more representative information on perfusion and filtration. Given the potential inhomogeneity of renal tumors, this seems to be particularly important for the assessment of large tumors.
To our knowledge, the results and robustness of single-slice versus whole-kidney/tumor DCE-MRI measurements have not been compared yet. There are only few remotely similar studies investigating the extent of body fat. These studies showed benefits for multiple-slice imaging because of the fact that a smaller sample size was needed to achieve significant results compared with single-slice imaging. 16, 17 The aim of this study, therefore, was to compare single central slice with whole-organ/tumor analysis for DCE-MRI of the kidney and renal tumors.
MATERIAL AND METHODS

Study Subjects
The study was approved by the local ethics committee and written informed consent was obtained from all patients. From October 2011 to March 2013, 22 consecutive patients (6 women, 16 men; mean age, 61.7 T 15.3 years) with ultrasound-suspected renal masses were prospectively included. Each patient underwent 2 examinations, the first was 3 months before and the second was 3 months after partial nephrectomy (Fig. 1) . Overall, 7 nontumorous lesions like cysts or fatty tissue as well as tumors smaller than 2 cm were excluded. One of the patients had only 1 kidney. Thus, 43 kidneys and 15 solid renal masses were assessed. A power analysis was performed and showed a power of greater than 80% for all examined parameters of the kidneys and the renal tumors, respectively. Common criteria for exclusion from MRI (eg, pacemaker, contrast allergies, glomerular filtration rate [GFR] G30 mL/min) were applied.
Imaging Protocol
Dynamic contrast-enhanced MRI data volumes were acquired on a clinical 3.0-T scanner (Magnetom Verio; Siemens Healthcare Sector, Erlangen, Germany) with a dedicated 6-element body array matrix coil and 6 elements of the integrated spine coil. Dynamic contrast-enhanced MRI was performed during free-breathing with a coronal dynamic 3-dimensional (3D) magnetic resonance (MR) angiography time-resolved angiography with stochastic trajectories 13,15,18Y20 sequence. This is an ultrafast 3D gradient echo sequence that combines view sharing with parallel imaging to achieve a high temporal and spatial resolution within a large field of view. View sharing comprises sampling of an inner region A and an outer region B of k-space in an alternating fashion. Data from adjacent acquisitions of B are then shared for reconstruction of individual timeframes. A total of 40 slices with an isotropic voxel size (2.6 Â 2.6 Â 2.6 mm 3 ) were acquired with a temporal resolution of 2.5 seconds for a total measurement time of 5 minutes. The central region A of k-space was 20%, and the sampling density in the outer region B was 25%. All sequence parameters are provided in Table 1 . Acquisition started after injection of 0.05 mmol/kg body weight gadobutrol (Bayer Healthcare Pharmaceuticals) 7 with a flow of 2 mL/s.
The morphological imaging protocol including T1-and T2-weighted sequences is provided in Table 2 .
Postprocessing
The in-house built IDL software PMI 0.4 21 was used for quantitative analysis (KSW and MN). An individual arterial input function was drawn in the aorta on a coronal slice. All arterial input function ROIs had a standardized size (4 voxels) and were defined at the height of the exit of the renal arteries in the middle of the aorta. The contrast agent concentrations were approximated from the signal intensities using the relative signal enhancement 22 to account for inhomogeneity in the coil sensitivity profiles. First, model-free deconvolution analysis was performed on a pixel basis, yielding whole-organ/tumor plasma flow (F P ) and plasma volume (V P ) maps. Regions of interest encompassing the kidney cortex or tumor were segmented semiautomatically on F P maps using an individual threshold. Voxels outside the organ were removed manually. The single central slices were chosen from the middle of the organ and were located at the level of the renal hilus. We excluded large vessels to prevent inflow effects. To ensure an equivalent threshold, single-slice ROIs were selected from the center of each ROI covering the whole organ/tumor (Figs. 2 and 3 ). There were 2 readers with 8 years (MN) and 2 years (KSW) of experience in MRI of the kidney, respectively, who performed the image analysis in consensus. Tracerkinetic modelling of kidney tissue is fundamentally different from tumor tissue, because the fraction of tracer that is extracted from the blood via the GFR does not return to the blood stream but instead passes through the tubular system and is then evacuated to the bladder. Hence, different tracer-kinetic models are necessary for the quantification of kidney and tumor perfusion. In these regions, we used a 2-compartment filtration model to assess kidney function and a 2-compartment exchange model to evaluate tumor perfusion and permeability-surface area product (PS) (Fig. 4) .
22Y26 Specifically, we calculated F P , V P , GFR, and tubular volume in the kidney cortex regions with a 2-compartment filtration model, and F P , V P , PS, and interstitial volume in the tumor regions with a 2-compartment exchange model.
Statistical Analysis
We used a 2-tailed paired t test to determine significant differences between single-slice and volumetric results. Statistical significance was considered for P G 0.05. Bland-Altman plots were generated to define mean difference and 95% limits of agreement.
We used the W 2 test to compare the goodness of fit of the derived data with the curves that were provided by the 2-compartment models. 
RESULTS
Participants
All examinations were diagnostic and no data set was discarded. No adverse reactions or other complications were noted. Renal tumor histology was as follows: 8 clear cell, 2 chromophobe, and 2 papillary RCC and 3 angiomyolipoma. The mean tumor size was 5.4 T 2.4 cm, and it was more frequently on the left side (67%). For detailed information on the localization and size of the tumors, refer to Table 3 . Table 4 provides detailed information on the derived functional parameters. Functional analysis showed that results for single-slice evaluation were slightly higher than for whole kidney (approx. F P , 17.9%; V P , 11.6%; GFR, 7.8%). Nonetheless, data of V P and GFR were not significantly different. Only differences for F P were significant (256.1 T 104.1 vs 217.2 T 92.5 mL/100 mL/min) (P G 0.01).
DCE-MRI of the Kidney
Functional Analysis
Limits of Agreement
For detailed information, refer to Table 5 and Figure 5 . FIGURE 2. Exemplary whole-kidney segmentation. Morphological images (A) of a right kidney of a 68-year-old male patient 3 months after partial nephrectomy of the contralateral kidney, leaving a minor tissue defect. Model-free deconvolution analysis provided F P maps (mL/100 mL/min) (B), serving as basis for ROI definition (C). The white framed central slices were chosen for single-slice evaluation.
Bias and 95% limits of agreement of renal F P , V P , and GFR showed good agreement. For V P and GFR, mean difference was smaller than 10% and the range between the limits of agreement appeared small. Mean difference of F P (38.9 mL/100 mL/min) was about 15.2%, which matches with the results of functional analysis.
Goodness of Fit
Box-and-whisker plots of data yielded in the W 2 test are displayed in Figure 6 .
The results demonstrate that the fit of the curves for wholeorgan measurement (0.30% T 0.18%) was significantly better (P = 0.0002) than for single slices (0.43% T 0.26%). Table 4 provides detailed information on the derived functional parameters. Figure 3 displays segmentation and assessment of 1 exemplary tumor. Table 6 shows the functional parameters F P and V P with respect to the histopathological classification of the tumors. Results between single-slice and whole-tumor measurement were almost equivalent. We did not record significant differences for F P , V P , or PS.
DCE-MRI of Renal Tumors
Functional Analysis
Limits of Agreement
For detailed information of the Bland-Altman analysis, refer to Table 5 and Figure 5 .
Bias and 95% limits of agreement of F P , V P , and PS demonstrated high agreement. Mean difference was smaller than 10% for all parameters.
Goodness of Fit
Box-and-whisker plots of data yielded in the W 2 test are displayed in Figure 6 . The fit of the tumor enhancement curve was more precise when measuring the whole mass (2.74% T 2.88%) instead of 1 single slice (4.05% T 4.79%). However, deviations were not significant (P = 0.34).
DISCUSSION
In this DCE-MRI-study, we could show that whole-organ/tumor measurement is more precise than the measurement derived from a single slice. In functional analysis, however, both kinds of measurements provide comparable values. To our knowledge, this study is the first to compare the accuracy of the 2 mentioned DCE-MRI measurements.
Single Slice Versus Whole Kidney
In our study, single-slice and whole-kidney DCE-MRI perfusion parameters yielded similar values. The only parameter that differed significantly in the functional analysis was F P , which commonly shows the largest variability. 27 Also, the standard deviation of the F P values was larger using the single-slice approach, which is probably because of the fact that 3D measurement is more robust than the single-slice technique. The deviation might also be partly caused by coil inhomogeneity or partial volume effects at the peripheral organ borders. 28, 29 Except for F P , Bland-Altman analysis showed a high agreement of the parameters.
With respect to the goodness of fit of the derived functional data to the provided enhancement curves, the fit was better for whole-kidney assessment, indicating that this technique is more precise. As 3D assessment covers the whole organ, it enables to measure the kidney function without the need for choosing a representative slice. The latter constitutes a potential source of error and particularly raises problems of coherency in follow-up examinations. In contrast, high resolutions and isotropic voxel sizes of 3D sequences allow for multiplanar reconstructions in all planes, thereby enabling side-by-side correlations with isotropic T1 sequences.
However, 3D analysis is more time-consuming than single-slice analysis. Depending on the readers' experience, a full covered analysis of the kidney takes up to 10 minutes, whereas the evaluation of single slices only takes 2 to 3 minutes. Especially the definition of the ROIs, which requires the removal of the voxels outside the organ, is timeconsuming. As this is a matter of practice, the evaluation of the whole organ becomes easier and quicker with growing experience.
With respect to the temporal constraints of DCE-MRI, a higher temporal resolution can be achieved using the single-slice image acquisition technique. Previous studies that assessed the kidney function on single slices commonly used protocols with a temporal resolution of 1 second. 9, 30 In our study, we chose a lower temporal resolution of 2.5 seconds for both single-slice and wholeorgan assessment to ensure full comparability between the 2 techniques. Still, this temporal resolution appears reasonable as it has been shown that even resolutions of up to 4 seconds can provide reliable outcomes with an error rate of less than 10%. 31 Apart from that, it is to be expected that technical developments will dramatically accelerate the acquisition of 3D protocols 32 as well as the postprocessing of 3D data sets, which is currently much more timeconsuming than the evaluation of a single slice. 33 
Single Slice Versus Whole Tumor
In our functional analysis of renal masses, single-slice and whole-tumor DCE-MRI yielded comparable results without significant differences. Similar to the assessment of the whole kidney, the goodness of fit was higher for whole-tumor analysis. In contrast to the whole-organ analysis, however, the difference did not reach statistical significance. This might be because of the fact that only a relatively small number of tumors were analyzed. In addition, for whole-tumor assessment, usually less slices were needed than for the whole kidney, lowering the probability of finding a significant difference between the functional parameters of a single slice and those of the multiple slices in 3D assessment.
In addition to the evaluation of all tumors, we analyzed the functional data with respect to the histopathological subtype of clear cell RCC, chromophobe RCC, and papillary RCC. Likewise, the results did not show any significant differences between single-slice and whole-organ measurements. The analysis of the different tumor subtypes showed that clear cell carcinoma had a higher perfusion compared with the other subtypes, which is consistent to a previous study on DCE-MRI for characterization and differentiation of renal cell carcinoma. 24 The higher perfusion of clear cell RCC might be useful for the identification of this subtype.
When interpreting the similar results of the 2 different techniques in our study, it must also be taken into account that we did not include patients under antiangiogenic therapy. However, tumor inhomogeneity often increases under the influence of this treatment. 34 In these cases as well as for asymmetric tumors, a 3D approach covering the whole tumor appears definitely preferable. F P indicates plasma flow (mL/100 mL/min); V P , plasma volume (mL/100 mL); GFR, glomerular filtration rate (mL/100 mL/min); PS, permeability-surface area product (mL/100 mL/min).
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FIGURE 5.
Bland-Altman analysis. Diagrams of bias and agreement of measurements. Averages (x-axis) and differences (y-axis) of single-slice versus whole-organ measurement are plotted. Except for F P , all parameters achieved good values for MD and no major divergences between 95% LA appeared. MD corresponds to central blue broken lines. Higher and lower 95% LA each correspond to red dotted line. A, KidneyVF P (mL/100 mL/min): MD = 38.9, LA = j42.1 to 120; V P (mL/100 mL): MD = 2.9, LA = j3.3 to 9.2; GFR (mL/100 mL/min): MD = j0.8, LA = j8 to 6.5. B, TumorVF P (mL/100 mL/min): MD = 0.2, LA = j22.6 to 23.0; V P (mL/100 mL): MD = 0.1, LA = j4.3 to 4.5; PS (mL/100 mL/min): MD = j0.2, LA = j1.8 to 1.5. MD indicates mean difference; LA, 95% limits of agreement; GFR, glomerular filtration rate; PS, permeability-surface area product. Calculated with GraphPad program (GraphPad Software, Inc). F P indicates plasma flow (mL/100 mL/min); V P , plasma volume (mL/100 mL); GFR, glomerular filtration rate (mL/100 mL/min); PS, permeability-surface area product (mL/100 mL/min); MD, mean difference; SD, standard deviation; LA, 95% limits of agreement.
As the goodness of fit is part not only of DCE-MRI but also of other functional MR techniques, our findings might, in principle, be transferable to other contrast-enhanced methods, particularly CT perfusion, 36Y38 as well as to contrast mediaYfree perfusion MRI techniques such as diffusionweighted imaging, 3, 39, 40 blood oxygenation levelYdependent imaging, 41, 42 ultrasound imaging, 43, 44 or arterial spin labeling perfusion in kidneys 45Y47 and renal tumors. 48 However, further studies are required to evaluate possible advantages of 3D assessment for these functional techniques.
Our study has some limitations. First, we did not include a standard of reference. However, it has been shown that DCE-MRI of the kidney correlates very well with radionuclide methods, which is considered as the gold standard. 49, 50 Second, the tumor locations varied among the patients. We did not differentiate between anterior and posterior tumor localization, thus possibly neglecting the effects of coil inhomogeneity. Third, the sample size of our study, especially of the tumors, was relatively small and heterogeneous. However, the results were already significant in this small cohort, so that similar studies would be expected in larger studies.
Furthermore, we did not evaluate interreader or intrareader agreement. Principally, although not being the focus of our study, the influence of different regions on the results of MR renography is an interesting aspect, which has already been investigated in previous studies. 51 In our study, ROIs were segmented semiautomatically and only voxels outside the organ were removed manually. We think that differences would be relatively small and probably not decisive for the final results. Finally, ROIs were defined by threshold, which could constitute a potential confounder by automatically selecting vital regions of the tumor and thus providing similar results. Still, we preferred semiautomatic ROI definition to a manual approach to reliably exclude necrotic tumor tissue.
To conclude, a 3-dimensional whole-organ/tumor analysis is more precise than single-slice assessment in DCE-MRI of the kidney. Therefore, 3D measurement will be preferable in most patients who undergo DCE-MRI. The potential use of whole-tumor DCE-MRI to depict the effects of antiangiogenic therapy has to be assessed in future studies.
FIGURE 6. Box-and-whisker plots. Chi-square test calculated the goodness of fit of derived functional data to the curve provided by the 2-compartment-models. A, Mean results were lower for whole kidney (0.30% T 0.18%) than for single-slice evaluation (0.43% T 0.26%). Consequently, the curves for whole kidneys were significantly better fitted than for single-slice curves (P G 0.01). B, Tumor W 2 for whole tumor (2.74% T 2.88%) was smaller than for single slice (4.05% T 4.79%), but not significantly. Mean value, standard deviation, and significant paired t-test P values are shown. RCC indicates renal cell carcinoma; F P , plasma flow (mL/100 mL/min); V P , plasma volume (mL/100 mL).
